The Sixth tuff of the Wilkins Peak Member of the Green River Formation is an important potential calibration point for magnetic stratigraphy, mammalian evolution, and lacustrine processes. However, two recent 40 Ar/ 39 Ar ages based on laser fusion of biotite from this important bed are not in agreement with one other. Most large, euhedral biotite from the basal 1 cm give concordant age spectra when incrementally heated. However, some crystals yield discordant age spectra and have plateau and integrated ages that are scattered toward both older and younger apparent ages. Electron-probe microanalysis indicates that intergrown alteration phases occur in a small fraction of Sixth tuff biotite crystals, and likely contributed to open-system processes that led to the observed discordance and age scatter. A new age of 49.62 ؎ 0.10 Ma is obtained from 22 concordant incremental-heating experiments. This age agrees with a new 49.78 ؎ 0.08 Ma age for the sanidine from the Layered tuff, which is stratigraphically 24 m below the Sixth tuff.
INTRODUCTION
Tuff horizons within the Green River Formation provide invaluable geochronologic calibration points for: (1) the Eocene geomagnetic polarity timescale (GPTS; Kent, 1992, 1995) (2) regional floral and faunal evolution (Wilf, 2000; Zonneveld et al., 2000) , (3) correlation of continental climate to paleoceanographic records (Zachos et al., 2001; Pekar et al., 2005) , and (4) the temporal quantification of lacustrine depositional cycles (Pietras et al., 2003) . For example, recent 40 Ar/ 39 Ar studies of biotite in the Sixth tuff suggest that the age of the C22-C23 boundary *E-mail: msmith@geology.wisc.edu. is 1.5-2.0 m.y. younger than previously interpreted Machlus et al., 2004) . However, variance in laser-fusion ages obtained from biotite has led to disagreement regarding the precise age of the Sixth tuff (Fig. 1) . Smith et al. (2003) reported an age of 49.70 Ϯ 0.10 Ma, whereas Machlus et al. (2004) obtained an age of 49.12 Ϯ 0.36 Ma for the same tuff, a difference of 0.58 Ϯ 0.37 m.y. (ϳ1.2%). Both previous studies of Sixth tuff biotite interpreted the observed age variance between individual analyses to be due to xenocrystic contamination of unaltered primary magmatic phenocrysts, and excluded outlier analyses according to a mean square of weighted deviates (MSWD) Յ 1 criteria (Deino and Potts, 1990) . The overall variance reported by Smith et al. (2003) was relatively low (MSWD ϭ 1.5 overall for all measured ages), because multicrystal aliquots were analyzed. This approach provides better analytical precision, but risks the inclusion of xenocrysts that have ages close to the eruptive age. In contrast, Machlus et al. (2004) analyzed single crystals, which resulted in a much larger variance (MSWD ϭ 6.0 overall for all measured ages). This approach better distinguishes individual crystal ages, but also leads to lower precision for each analysis, thereby hampering the ability to exclude xenocrysts.
Neither of the previous studies examined the possibility that alteration of some biotite crystals may also have introduced error into the age determination. In this study, we combine electron-probe microanalysis of biotite crystals with incremental-heating experiments in order to evaluate the potential influence of open-system behavior with respect to Ar in these samples. Based on these analyses, we report a new 40 Ar/ 39 Ar age for the Sixth tuff resulting from a 100% concordant age spectra, which represents the best currently available estimate for the timing of eruption. and Harrison, 1999; Renne, 2000) . Ten-crystal aliquots of sanidine crystals from the Layered tuff, which lies ϳ24 m below the Sixth tuff (Data Repository Table DR1 1 ), were separated, irradiated, and analyzed according to the methods of Smith et al. (2003) . In addition to fusions, several two-step laser incrementalheating experiments were performed in order to gauge internal discordance (Fig. DR2 ). The complete 40 Ar/ 39 Ar data set is contained in the GSA Data Repository (Table DR2 ). All ages are reported with 2 analytical uncertainties relative to 28.34 Ma (Renne et al., 1998) for the Taylor Creek rhyolite sanidine standard (irradiation configurations are shown in Fig.  DR1 ). In an effort to exclude only obvious outliers, apparent ages were excluded from the weighted mean calculation if their inclusion resulted in an MSWD Ͼ 1.5 (modified from Deino and Potts, 1990) . Sanidine fusion and incremental-heating experiments exhibit a Gaussian apparent-age distribution with several distinctly older outliers that likely reflect the addition of detrital or xenocrystic grain(s) (Fig. 2 ) and yield an 36 Ar/ 40 Ar intercept that is consistent with an atmospheric initial trapped component when these outliers are excluded (Fig. DR1) . The weighted mean of 36 of 44 apparent ages for Layered tuff sanidine is 49.79 Ϯ 0.09 Ma ( Fig. 2 ; Table 1; and Table  DR2 ). Although small phenocrysts (Ͻ180 m) necessitated the use of multicrystal aliquots in order to obtain enough Ar for precise age determination, a low MSWD of 0.42 argues against the possibility of contamination of the included analyses by older grains.
Biotite
Sanidine samples from the Sixth tuff exhibit significant contamination by older, xenocrystic or detrital grains, which precludes their use for precise 40 Ar/ 39 Ar age determination, and necessitates the use of biotite . Large (ϳ1 mm), euhedral biotite crystals were separated from the basal 1 cm of the Sixth tuff via hand crushing, concentrated using a Frantz magnetic separator, and subjected to a 15 min ultrasonic bath in distilled water to break apart incipient cleavage separations prior to final hand selection for irradiation. A large quantity of sample (10 kg) was disaggregated in order to obtain the largest biotite crystals, which allow for more precise heating steps. Individual crystals and three-crystal aliquots were incrementally heated in three to eight steps using a CO 2 laser. Plateaus are de-1 GSA Data Repository item 2006078, Tables  DR1-2 and Figures DR1-2: a table showing fined as three or more concordant steps comprising more than 50% of the total 39 Ar, except in cases where incremental heating yielded only three steps, in which case twostep plateau ages were calculated. Concordancy was defined based on an MSWD less than the Students-T distribution limit for the given number of analyses (Koppers, 2002) . Plateau ages were calculated as the weighted mean of included analyses. When MSWD exceeded 1, analytical errors were multiplied by the square root of the MSWD (cf. York, 1969; Koppers, 2002) .
Biotite crystals from the Sixth tuff predominantly yield concordant, reproducible apparent-age spectra and define an inverse isochron with an atmospheric intercept ( Fig. 3;  Fig. DR1 , Table DR2 [see footnote one]). Integrated (total-fusion) ages seldom differ from 100% concordant plateau ages by more than 0.10 m.y. (Table DR2 ). The grand weighted mean of 22 concordant plateau ages is 49.62 Ϯ 0.10 Ma (MSWD ϭ 1.00), and is statistically indistinguishable from weighted means of 49.55 Ϯ 0.11 Ma and 49.70 Ϯ 0.12 Ma for single and 3-crystal experiments, respectively ( Fig. 1; Table 1 ). This new age is stratigraphically consistent with the sanidine age for the Layered tuff.
For all four discordant experiments (Fig. 3 , panels n, v, y, and z), the exclusion of their initial heating steps resulted in plateaus. Inclusion of these plateau ages in the weighted mean calculation, however, resulted in a MSWD of 2.5, which is suggestive of dispersion exceeding analytical variance alone. Plateau ages from the most discordant experiments (n and z) are distinctly older (ϳ0.5 m.y.) than the mean of the plateau ages of the 100% concordant experiments. Both of these experiments exhibited initial heating steps containing Ͼ8% of total released 39 Ar, which is Ͼ3 m.y. younger than their overestimated plateau ages. The integrated ages for these experiments are both younger (n) and older (z) than the weighted mean of 100% concordant experiments ( Fig. 3 ; Table DR2 [see footnote one]).
Electron-Probe Microanalysis of Biotite
Electron-probe analyses were conducted on biotite crystals from the Sixth tuff to quantify the composition and extent of potential alteration phases and damaged zones that could affect 40 Ar/ 39 Ar results. Wavelength-dispersive spectrometer (WDS) analyses along transects orthogonal to the c-axis of biotite crystals from the Sixth tuff indicate that the majority exhibit largely homogenous compositions with Ͼ8 wt% K 2 O (Fig. 4) . However, several analyzed grains (ϳ1 in 10), contained finescale (1-10 m) cleavage-parallel zones of relatively lower K content (Ͻ8% K 2 O; Fig. 4 ; Table DR3B [see footnote one]). These Kdepleted regions are also slightly depleted in SiO 2 , Al 2 O 3 , and TiO, and enriched in O, which is consistent with partial alteration to finely interstratified vermiculite or similar phases, documented to occur in weathered biotite in soil zones (e.g., Banfield and Eggleton, 1988; Fordham, 1990; Pozzuoli et al., 1992) .
DISCUSSION AND CONCLUSIONS
Incremental-heating experiments and electron-probe analysis reveal a flaw in the assumption of Smith et al. (2003) and Machlus et al. (2004) that age scatter can be attributed solely to admixture of inherited grains (Fig.  1) . The correlation we observe between discordance and age scatter is of particular importance because discordance (e.g., Fig. 3 , panels n and z) has been shown to be a marker for open-system processes in biotite, such as 40 Ar* loss (Clauer, 1981; Odin et al., 1991) and recoil of 39 Ar K (Turner and Cadogan, 1974; Onstott et al., 1995) . These phenomena have been linked to the presence of interstratified K-poor alteration phases in biotite (e.g., Lo and Onstott, 1989; Odin et al., 1991; Min et al., 2001; Kuiper et al., 2004) , and can lead to both overestimated and underestimated plateau and integrated ages. Although contamination by older grains cannot be ruled out, the presence of alteration in a small proportion of microanalyzed biotite ( Fig. 4 ; Table DR3 [see footnote one])-roughly equivalent to the proportion of discordant age spectra (Fig. 3) suggests that open-system processes are a more likely source of variance. Moreover, alteration-induced 40 Ar* loss in some biotite crystals and absence of gross contamination by older grains in the Sixth tuff are further supported by bulk K-Ar (Mauger, 1977) and 40 Ar/ 39 Ar (O'Neill, 1980) ages that are 0.5-3.0 m.y. younger than the mean of the 100% concordant experiments. For this reason, we have adopted the recommendations of Min et al. (2001) that only 100% concordant age spectra should be used when calculating ages for biotite. We postulate that the observed scatter in biotite integrated ages ( Fig. 1; Smith et al., 2003; Machlus et al., 2004) may be caused in part by similar open-system processes. Because these processes can lead to both overestimated and underestimated apparent ages, the practice of excluding only older outliers from the age calculation can lead to inaccuracy because of the possibility of including underestimated apparent ages caused by 40 Ar* loss (cf. Mundil et al., 2004) . Many of the youngest apparent ages included in the weighted mean age calculated by Machlus et al. (2004) may thus reflect 40 Ar* loss rather than a primary eruptive age, as is likely the case for the four younger outliers that were excluded from their age calculation (Fig. 1) . Because samples of the Sixth tuff used in this study were collected from a different location than those analyzed by Machlus et al. (2004) , and ultrasonically screened biotites were used, we suspect that a higher proportion of biotite analyzed by Machlus et al. (2004) was altered.
Total-fusion 40 Ar/ 39 Ar analysis of even single biotite grains may be inadequate to distinguish among several possible sources of error. We suggest instead that incremental heating experiments are necessary to identify grains exhibiting open-system behavior. These analyses are ideally backed up by electron-probe analyses indicating the absence of significant alteration in at least some of the studied grains.
The new incremental-heating-based age of 49.62 Ϯ 0.10 Ma for the Sixth tuff can be considered more accurate than previous determinations and is stratigraphically consistent with the sanidine age for the Layered tuff and several other sanidine-based ages for the Wilkins Peak Member of the Green River Formation . It thus provides the best estimate for the age of the transition from underfilled to balanced-fill conditions in Lake Gosiute, which occurs at the boundary between the Wilkins Peak Member with the overlying Laney Member (Carroll and Bohacs, 1999) . It also indirectly dates a major lacustrine expansion that overlies a distinctive interval of normal magnetization observed at two basin-margin sections (Clyde et al., 1997 (Clyde et al., , 2001 , although the precise correlation of this interval with the tuff is currently uncertain and requires further investigation (Clyde et al., 2004; Smith et al., 2004) . Nevertheless, because ash beds are not typically preserved in basin-margin alluvial facies, where the paleomagnetic sections and the bulk of the mammalian fauna occur, tuff beds in basin-center lacustrine strata are likely to remain the only available radioisotopic control points for this interval. Based on the assumption that the Sixth tuff is equivalent to C23n and the base of the lacustrine interval is isochronous with the Wilkins Peak to Laney transition, Machlus et al. (2004) proposed recalibrating the C23-C22 transition using their age of 49.12 Ϯ 0.36 Ma for the Sixth tuff, making it ϳ2 m.y. younger than previously estimated (Cande and Kent, 1995) . If our newly calculated age of 49.62 Ma is used for the boundary, this shift decreases in magnitude to ϳ1.5 m.y. However, due to the current uncertainties surrounding stratigraphic correlation of magnetostratigraphically documented sections to the Sixth tuff (Clyde et al., 2004; Smith et al., 2004) , we suggest that use of its age as an Eocene geomagnetic polarity time scale calibration point is currently too problematic.
